Genetic factors are known to strongly influence susceptibility to allergic inflammation. The Th2 cytokine IL-13 is a central mediator of allergy and asthma, and common single-nucleotide polymorphisms in IL13 are associated with allergic phenotypes in several ethnically diverse populations. In particular, IL13+2044G→A is expected to result in the nonconservative replacement of arginine 130 (R130) with glutamine (Q). We examined the impact of IL13+2044G→A on the functional properties of IL-13 by directly comparing the activity of WT IL-13 and IL-13 R130Q on primary human cells involved in the effector mechanisms of allergic inflammation. Our results show that IL-13 R130Q was significantly more active than WT IL-13 in inducing STAT6 phosphorylation and CD23 expression in monocytes and hydrocortisone-dependent IgE switching in B cells. Notably, IL-13 R130Q was neutralized less effectively than WT IL-13 by an IL-13Rα2 decoy. Decreased neutralization of the minor variant could contribute to its enhanced in vivo activity. Neither IL-13 variant was able to engage T cells, which suggests that increased allergic inflammation in carriers of IL13+2044A depends on enhanced IL-13-mediated Th2 effector functions rather than increased Th2 differentiation. Collectively, our data indicate that natural variation in the coding region of IL13 may be an important genetic determinant of susceptibility to allergy.
Introduction IL-13, a cytokine typically produced by Th2 cells, is a central mediator of allergic inflammation and is sufficient to induce most if not all of the key features of experimental asthma (reviewed in ref. 1) . IL-13 promotes allergen-induced airway hyperreactivity (2) , epithelial cell damage, goblet cell hyperplasia with mucus hyperproduction, and eosinophilia. All of these effects are IL-4Rα/STAT6 mediated but IL-4 independent (3-5). Furthermore, IL-13 stimulates airway fibrosis, largely through the ability of matrix metalloproteinases 9 and 12 to activate latent TGF-β1, which favors the accumulation of eosinophils and macrophages in the lung (6, 7) . Inflammation is amplified by local responses of the epithelium, smooth muscle, fibroblasts, and macrophages through the production of chemokines, cytokines (8), and other effector molecules such as acidic mammalian chitinase (9). The pivotal role of IL-13 in allergic inflammation has been further emphasized by the finding that IL-13 secreted by non-T cells, particularly eosinophils, is essential in inducing airway hyperresponsiveness and augmenting inflammation. Eosinophils, recruited to the lung through the concerted action of Th2-derived IL-5 and eotaxins released by epithelial cells, become an important cellular source of IL-13 (10-13).
Human allergic inflammation and experimental asthma share several IL-13-related signatures (reviewed in ref. 1) . However, IL-13 induces class switch recombination to IgE in human but not murine B cells (14) and upregulates the expression of CD23, an IgE receptor, on human monocyte/macrophages (15) . Since events mediated by the binding of IgE to its receptors are integral components of allergic reactions in tissues (reviewed in ref. 16 ), the induction of IgE synthesis and IgE receptors is likely to be critical for the proinflammatory role played by human IL-13 in allergy and asthma. Of note, IL-13 is readily detectable in the human placenta (17) and is vigorously secreted by neonatal T cells (18) . The early timing of IL-13 expression is in line with the established importance of early life immunoregulatory events in controlling the inception of asthma (19) .
Genetic factors are major determinants of susceptibility to allergic inflammation in humans (reviewed in refs. 20, 21) . The IL13 locus on chromosome 5q31 contains a block of common singlenucleotide polymorphisms (SNPs) in virtually complete linkage disequilibrium (LD), which spans the third intron (+1923C→T), the fourth exon (+2044G→A), and the 3′ untranslated region of the gene (+2525G→A, +2580C→A, and +2749C→T) (22) . Two SNPs in the promoter (-1512A→C and -1112C→T) are also in strong, albeit not complete, LD with the distal polymorphisms. Consistent with the prominent role of IL-13 in experimental asthma, robust associations have been detected between IL13 polymorphisms and allergic phenotypes. IL13+2044G→A is strongly associated with increased total serum IgE (22) (23) (24) (25) , asthma (26) , atopy (27) , atopic dermatitis (23, 27, 28) , and a grouped phenotype that includes eosinophilia, IgE, and positive skin tests (29) . IL13-1112C→T is associated with asthma, bronchial hyperreactivity and skin test responsiveness (30, 31) , total IgE (32) , and sensitization to food and outdoor allergens (32, 33) . Interestingly, a significant gene/gene interaction has been detected between an IL-4Rα coding variant (S478P) and IL13-1112C→T. Individuals with the risk genotype for both genes had increased risk of developing allergic inflammation compared with that of individuals with both nonrisk genotypes (32, 34) .
Although the overall association between allergic inflammation and SNPs in IL13 is extremely robust and has been replicated in several ethnically diverse populations (35) , the interpretation of the mechanisms underlying this association is made problematic by the extended LD blocks found in chromosome 5q31 (36) . Functional studies are required to determine which polymorphisms within a complex haplotype affect gene expression and/or function and to decipher the molecular mechanisms by which genetic variation in IL13 increases susceptibility to allergic inflammation. IL13+2044G→A is of particular interest because this SNP is found in approximately 25% of the general population (22) and is expected to result in the nonconservative replacement of a positively charged arginine (R) with a neutral glutamine (Q) at position 130 (this numbering includes the signal peptide; 130 is referred to as position 110 when numbering does not include the signal peptide; refs. 25, 26, 37, 38) . The R130Q substitution occurs in α-helix D, the region of IL-13 that is thought to interact with IL-4Rα/IL-13Rα1 heterodimers (39) . Therefore, IL13+2044G→A has the potential to affect IL-13-dependent signaling events.
We examined the impact of IL13+2044G→A on the functional properties of IL-13 by directly comparing the activity of the 2 variants on primary effector cells of human allergic inflammation. IL-13 R130Q was significantly more active than WT IL-13 in multiple effector assays and was neutralized less effectively by an IL-13Rα2 decoy. Our results strongly suggest that natural variation in the coding region of IL13 may be an important genetic determinant of susceptibility to allergy.
Results

Functional comparison between prokaryotic and eukaryotic WT IL-13.
The native eukaryotic IL-13 molecule undergoes glycosylation (40) , a posttranslational modification commonly missing in prokaryotic expression systems. Furthermore, C-terminal truncation immediately downstream of R130 has been reported to occur in E. coliexpressed IL-13 (F.D. Vladich et al., unpublished observations). Therefore, preliminary experiments were performed to compare the activity of 2 commercial WT IL-13 preparations from E. coli with that of COS-7 cell-derived WT IL-13 and to determine which was best suited for subsequent functional studies. Figure 1 shows that a direct comparison of the ability of these IL-13 preparations to upregulate CD23 expression in normal human monocytes revealed a marked difference in potency. Eukaryotic IL-13 was significantly more active than either prokaryotic IL-13 preparation over the 30-250 pg/ml concentration range, with a difference in EC 50 of approximately 5-fold. In view of the IL-13 levels measured in supernatants of PBMCs stimulated with phytohemagglutinin for 48 hours (less than 300 pg/ml; M. Halonen et al., unpublished observations) and serum (less than 15 pg/ml; ref. 37) , the activity of COS-7 cellderived WT IL-13 was optimal within the physiologic range. Because of these results, all subsequent functional studies were performed using recombinant IL-13 variants expressed in eukaryotic cells. Since the R130Q substitution appeared to affect the recognition of IL-13 epitopes by our ELISA antibodies, which resulted in underestimation of the minor variant, concentrations of COS-7 cell-derived IL-13 R130Q were adjusted using a correction factor developed as discussed in Methods. Supernatants from mock-transfected COS-7 cells were used as negative controls throughout the study and consistently failed to elicit a response (data not shown).
IL-13 R130Q is more active than WT IL-13 in inducing STAT6 phosphorylation in primary monocytes. Next we compared recombinant WT IL-13 and IL-13 R130Q for their impact on key events along the IL-13-dependent signaling pathway. To maximize the relevance of our experimental model to IL-13-mediated events occurring in vivo, we chose to test the activity of the IL-13 variants on primary immune cells (lymphocytes, monocytes) involved in the pathogenesis of allergic inflammation.
The most upstream event examined was STAT6 phosphorylation, an essential step in the IL-13-dependent regulation of gene expression (41) . PBMCs from normal individuals (n = 7) were stimulated with increasing concentrations of WT IL-13 or IL-13 R130Q for 1 hour. STAT6 phosphorylation was then quantitatively assessed by intracellular immunofluorescence, which measured the percentage of monocytes that became positive for Y641-phosphorylated STAT6. Figure 2 shows that STAT6 phosphorylation increased dose-dependently and was consistently more robust in IL-13 R130Q-treated cells than in cells stimulated with WT IL-13. The difference in potency reached high statistical significance for cultures stimulated with physiologically relevant concentrations of IL-13 variants (P = 0.03 at 30 pg/ml and P = 0.005 at 90 pg/ml, 2-tailed paired Student's t test). Analysis of the results using an additional statistical approach based on random effects models (42) confirmed the increased biological potency of IL-13 R130Q relative to WT IL-13 (Supplemental Section 1; supplemental material available online with this article; doi:10.1172/JCI200522818DS1). Furthermore, the EC 50 for IL-13 R130Q was 5.6-fold lower than the one for WT IL-13 (P = 0.03; see Supplemental Table 1 ). In contrast, the 2 dose-response curves converged at supraphysiologic concentrations (2 ng/ml). Baseline STAT6 phosphorylation in monocytes was negligible (data not shown). Of note, the introduction of a correction factor for IL-13 R130Q did not artificially amplify the difference in potency between the 2 variants because the dose-response curve for IL-13 R130Q would shift further to the left if calculated using uncorrected IL-13 concentrations (see Supplemental Figure 1 , top panel) and the EC 50 for the minor variant would become 7.6-fold lower than the one for WT IL-13 (P = 0.02; see Supplemental Table 1 ). Collectively, these results strongly suggest that IL-13 R130Q is more active than WT IL-13 in initiating IL-13-dependent signaling in primary human inflammatory cells.
IL-13 R130Q is more active than WT IL-13 in upregulating CD23 expression in primary monocytes.
We have previously shown that IL-4 and IL-13 are key regulators of CD23 gene expression in human monocytes (15, 43) . STAT6-dependent upregulation of CD23 expression in these cells (44) complements the unique ability of Th2 cytokines to induce IgE class switch recombination in B cells and is likely to be critical for the pathogenesis of Th2 inflammation in tissues (16) .
These considerations prompted us to assess whether regulation of CD23 expression in monocytes is differentially affected by IL-13 R130Q and WT IL-13. Human PBMCs from normal donors (n = 11) were incubated with increasing concentrations of recombinant WT IL-13 or IL-13 R130Q for 48 hours. CD23 expression on monocytes was then analyzed by direct immunofluorescence. Figure 3 shows that induction of CD23 by IL-13 R130Q was significantly more intense over the physiologic concentration range (10-250 pg/ml). The EC 50 for the minor variant was 2.3-fold lower than the one for WT IL-13 (P = 0.0002), and this pattern was highly reproducible across experiments (see Supplemental Table 2 ). As already discussed for the induction of STAT6 phosphorylation, the introduction of a correction factor did not amplify the difference in potency between the 2 variants, which would have been even greater for uncorrected IL-13 R130Q concentrations (see Supplemental Figure 1 , bottom panel, and Supplemental Table 2 ). Random effects model analysis again confirmed the enhanced potency of IL-13 R130Q (Supplemental Section 2). These results suggest that increased IL-13-dependent expression of CD23 in carriers of IL13+2044A may contribute to increased IgE-dependent inflammation.
IL-13 R130Q is more active than WT IL-13 in inducing hydrocortisone-dependent, but not CD40-dependent, IgE synthesis.
Together with IL-4, IL-13 is the only cytokine which has been shown to induce
Figure 3
IL-13 R130Q is more active than WT IL-13 in upregulating CD23 expression in primary monocytes. Normal human PBMCs were incubated with increasing concentrations of WT IL-13 (circles) or IL-13 R130Q (triangles) for 48 hours. Surface CD23 expression was then assessed by direct immunofluorescence using PE-conjugated anti-CD23 mAb or isotype control, gating on the monocyte population. Responses to the IL-13 variants were compared using a 2-tailed paired Student's t test. P values are noted for each IL-13 concentration at which a statistically significant difference in the percentage of CD23 + cells was detected. The figure shows the mean ± SE of the results obtained from 11 experiments.
Figure 4
IL-13 R130Q is more active than WT IL-13 in inducing HC-dependent, but not CD40-dependent, IgE synthesis. Normal human PBMCs were stimulated with increasing concentrations of WT IL-13 (gray bars) or IL-13 R130Q (black bars) in the presence or absence of anti-CD40 mAb 626.1 (1 μg/ml) or HC (1 μM) for 12-14 days. Supernatants were then harvested and assessed for IgE concentrations by ELISA. Net IgE synthesis was calculated by subtracting the IgE concentrations detected in cycloheximide-treated cultures from the values detected in untreated cultures. Responses to the IL-13 variants were compared using a 2-tailed paired Student's t test. P values are noted for each IL-13 concentration at which a statistically significant difference in IgE response was detected or approached. The figure shows the mean ± SE of results obtained from 4-7 experiments.
IgE class switching. This effect requires synergistic interactions with a second signal typically provided by CD40 engagement (reviewed in ref. 45 ). Hydrocortisone (HC) has also been shown to potently synergize with IL-4 in inducing IgE synthesis, largely through its ability to upregulate CD40 ligand expression in T and possibly B cells (46) . The interactions between HC and IL-13 have not been investigated.
Increased serum IgE levels have been found in carriers of IL13+2044A in several populations (22) (23) (24) (25) , raising the possibility that expression of IL-13 R130Q and increased IgE class switching might be mechanistically linked. In order to explore this possibility, PBMCs from nonallergic donors were incubated with increasing concentrations of WT IL-13 or IL-13 R130Q in the presence or absence of anti-CD40 mAb or HC, and IgE secretion was measured after 12-14 days of culture. Figure 4 shows that, consistent with the modest IgE-inducing effects previously attributed to IL-13 (14) , negligible levels of IgE synthesis were detected in cultures stimulated with WT IL-13 or IL-13 R130Q and anti-CD40 mAb, regardless of the concentration of IL-13 variant added to the cells. Low IgE induction did not result from impaired activity of the anti-CD40 antibody because mAb 626.1 elicited vigorous IgE synthesis (20.52 ± 7.26 ng/ml) in parallel cultures when added with IL-4. Surprisingly, a strong synergism occurred between HC and IL-13, particularly in IL-13 R130Q-stimulated cultures. Substantial IgE synthesis, with a highly significant increase in the response to IL-13 R130Q relative to WT IL-13 (P = 0.034), was detected in cultures stimulated with 90 pg/ml of variant. The difference in the response to a lower IL-13 concentration (30 pg/ml) approached statistical significance. Confirming the trend observed in the other functional assays, IgE induction by supraphysiologic IL-13 concentrations (0.5 and 2 ng/ml) was brisk but not significantly different between the 2 variants. Collectively, these data highlight a novel, selective synergism between IL-13 and HC and furthermore suggest that expression of the minor IL-13 variant may play a role in the dysregulation of IgE synthesis found in carriers of IL13+2044A.
Soluble IL-13Rα2 neutralizes WT IL-13 more effectively than IL-13 R130Q. Several mechanisms may account for the increased potency of IL-13 R130Q relative to WT IL-13. The minor variant may signal more effectively through the IL-13Rα1/IL-4Rα heterodimer and/or may be neutralized less effectively by IL-13Rα2, a protein which binds IL-13 with higher affinity than IL-13Rα1 but does not signal and is thought to act as a natural decoy (reviewed in ref. 47 ). The C-terminal portion of IL-13 has been shown to be responsible for the high-affinity interaction with IL-13Rα2 (39), raising the possibility that the R130Q replacement may affect IL-13Rα2 binding.
In an effort to elucidate the mechanisms underlying the enhanced activity of IL-13 R130Q, we compared the 2 IL-13 variants for their ability to be neutralized by IL-13Rα2. PBMCs from normal donors (n = 5) were incubated with WT IL-13 or IL-13 R130Q (90 pg/ml) for 48 hours in the presence or absence of increasing concentrations of a recombinant soluble IL-13Rα2-Fc chimera. Surface CD23 expression on monocytes was then assessed by immunofluorescence. Figure 5 shows that soluble IL-13Rα2-Fc was sufficient to reduce the WT IL-13-dependent CD23 response by more than 50% when added at a concentration of 125 ng/ml and that it virtually abrogated the response at 250 ng/ml. In contrast, neutralization of IL-13 R130Q was significantly less effective with an overall difference in potency of more than 2-fold. The addition of soluble human IgG (1 μg/ml) had no effect on CD23 expression (data not shown). Our results show that R130Q replacement strongly impaired the ability of the minor IL-13 variant to interact with IL-13Rα2. Decreased neutralization by the endogenous decoy could contribute to enhanced activity of the minor variant in vivo.
Figure 5
Soluble IL-13Rα2 neutralizes WT IL-13 more effectively than IL-13 R130Q. Normal human PBMCs were incubated with WT IL-13 (circles) or IL-13 R130Q (triangles) (90 pg/ml) for 48 hours in the presence or absence of increasing concentrations of a recombinant soluble IL-13Rα2-Fc (sIL-13Rα2-Fc) chimera. Surface CD23 expression on monocytes was then assessed as described for Figure 3 . Neutralization of the 2 IL-13 variants was expressed as a percentage of maximal CD23 response and compared using a 2-tailed paired Student's t test. P values are noted for each sIL-13Rα2-Fc concentration at which a statistically significant difference in the response was detected or approached. The figure shows the mean ± SE of the results obtained from 5 experiments. 
IL-13 R130Q fails to engage T cells.
Although IL-4 and WT IL-13 share several functional properties, only IL-4 controls Th2 differentiation. T cells fail to respond to WT IL-13 because they lack expression of functional IL-4Rα/IL-13Rα1 heterodimers (reviewed in ref. 47 ) and because IL-13 is unable to bind the IL-4Rα/γc complexes expressed on T cells (48) . Thus IL-4 is involved in the initiation of Th2 responses whereas the impact of WT IL-13 remains confined to Th2 effector functions. However, structure/function analyses raise the possibility that the R130Q replacement may confer on the minor IL-13 variant the ability to bind novel cellular targets through a γc-containing receptor. IL-4 and IL-2 interact with γc through a cluster of uncharged residues in the D helix. The presence of charged amino acids in the corresponding region of IL-13 is thought to prevent γc engagement (49) . Replacement of the positively charged R130 with a neutral glutamine could alter the electrostatic potential of the surface enough to allow γc binding. Acquisition of the ability to directly engage the IL-4Rα/γc complex on T cells would in turn endow IL-13 R130Q with the potential to affect Th2 differentiation, thus contributing to the enhanced allergic inflammation associated with IL13+2044A.
In view of the potential mechanistic importance of T cell/IL-13 R130Q interactions, we sought to directly explore the ability of the minor IL-13 variant to activate T cells. To this purpose, we took advantage of the ability of immunofluorescence to reveal cytokine-induced STAT6 Y641 phosphorylation in individual CD3 + T cells within a PBMC population. Figure 6 shows that virtually no intracellular STAT6 Y641 phosphorylation was detectable in unstimulated PBMCs isolated from normal donors (top left panel). As expected, incubation with IL-4 (2 ng/ml) resulted in substantial STAT6 Y641 phosphorylation in both CD3 + and CD3 -cells (bottom left panel) whereas stimulation with WT IL-13 (2 ng/ml) failed to activate STAT6 in CD3 + cells, even though a vigorous response was detected in non-T cells (top right panel). Most importantly, IL-13 R130Q (2 ng/ml) elicited a response in CD3 -but not CD3 + cells (bottom right panel). These data clearly rule out IL-13 R130Q-mediated signaling in T cells and suggest that increased allergic inflammation in carriers of the IL13+2044A allele results from enhanced IL-13-mediated Th2 effector functions rather than increased IL-13 variant-dependent modulation of Th2 differentiation.
Discussion
The importance of genetic factors in influencing the risk of developing allergic inflammation is well established (20, 21) . Polymorphisms that may dysregulate the function and/or expression of IL13 occur frequently in the population and have been consistently associated with allergic phenotypes (35) . However, these polymorphisms are linked with one another in extended haplotype blocks that can mask the effects of individual SNPs. Therefore, the mechanisms underlying the association between allergic disease and variation in IL13 will remain unclear unless multiple functional facets of the genotype/phenotype association are explored and dissected in depth.
SNPs in coding regions constitute the majority of disease alleles in mendelian disorders (50) , and a recent analysis suggests that common disease variants are likely to show a similar trend (51) . Our results show that IL-13 R130Q, a common variant encoded by IL13+2044A and associated with elevated serum IgE levels and other allergy-related phenotypes in individuals of multiple ethnic backgrounds (35) , is significantly more active than WT IL-13 in enhancing essential effector pathways of allergic inflammation in primary human cells.
Structure/function analyses provide mechanistic insights into the increased activity of IL-13 R130Q. The replacement of R130 with a glutamine occurs in α helix D, a region of the molecule critical for its interactions with IL-13 receptors. Alanine scanning mutagenesis recently revealed R130 to be important for IL-13 binding to IL-13Rα2 (39), the decoy receptor expressed both on cells and as a soluble protein, which binds IL-13 with high affinity but does not signal (52) . IL-13Rα2 is a key negative regulator of IL-13 responses in vivo (53) , and its expression is strongly enhanced by IL-13 itself (54), which points to the existence of complex feedback loops designed to tightly control IL-13-dependent events. Consistent with this scenario, IL-13 R130Q was neutralized by a soluble IL-13Rα2-Fc chimera much less effectively than WT IL-13, which suggests the minor IL-13 variant might to some extent escape the dampening mechanisms that normally restrain the activity of WT IL-13 in vivo.
The presence of a positively charged arginine at position 130 also alters the distribution of charges in the region of the D helix that is primarily responsible for binding the IL-4Rα1/IL-13Rα1 heterodimer (39) . Substitution of R130 with the negatively charged aspartic acid created an artificial agonist which bound the IL-13 receptor with 5-to 10-fold improved affinity (55) . While the effects of the R130Q substitution are more subtle, overall it is clear that IL13+2044G→A targets an amino acid critical for IL-13/IL-13 receptor interactions and IL-13-mediated signaling.
In comparison with the often drastic effects obtained by genetic manipulation in animal models, the functional differences between the common and the minor IL-13 variant may appear too modest to influence disease susceptibility, but several considerations argue against this conclusion. Our results are quantitatively in line with those recently obtained in several other functional studies of human polymorphic genes such as CD14 (56) , IL3 (57), SLC22A4 (58), TGF-β (59), LGALS2 (60) , and LTA (61), all of which show subtle effects of individual common risk alleles. Furthermore, functional differences between the IL-13 variants became manifest within a physiologically relevant concentration range and were shown to be highly significant by 2 complementary statistical approaches. Finally, IL13+2044G→A is in strong LD with a promoter SNP, IL13-1112C→T, which results in increased IL13 transcription in CD4 + Th2 cells (L. Cameron et al., manuscript submitted for publication). The transcriptional enhancement conferred by IL13-1112T is relatively modest as well, but the increase in IL-13 activity caused by the R→Q replacement, combined with the concomitant increase in IL13 transcription associated with the -1112T allele may effectively synergize to amplify IL-13-dependent events. The functional impact of SNP/SNP interactions within the same gene could be further amplified by gene/gene interactions along the same pathway (62), e.g., when IL-13 R130Q is expressed in carriers of the gain-of-function IL4R V50R551 variant (38) .
Excessive production of the Th2 cytokines IL-4 and IL-5 leads to allergic inflammation in transgenic models (63, 64) . WT IL-13, unlike IL-4, is unable to initiate Th2 differentiation because both human and murine T cells lack functional IL-13 receptors (47). IL-13 R130Q, albeit more active than WT IL-13 on monocytes and B cells, also failed to engage T cells. Therefore, in the absence of a genetic predisposition to enhanced Th2 responses determined through a different pathway, expression of IL-13 R130Q would not be expected to affect Th2 differentiation. However, IL-13 is a potent effector of Th2-mediated responses (reviewed in ref. 1) , and these could be augmented by IL13+2044A, especially when combined with other disease risk alleles. IL13+2044A may contribute to determining an allergic phenotype both in the context of otherwise balanced Th2 responses and in cases in which Th2 differentiation and IL13 expression are independently enhanced by other genetic mechanisms.
IL-4-dependent IgE responses to CD40 crosslinking and HC typically follow similar profiles (46, 65) , which is consistent with the notion that HC induces IgE synthesis by upregulating CD40 ligand expression on T cells, thus promoting crosslinking of CD40 on the B cell membrane (46) . Our experiments unveiled novel aspects of the interaction between IL-13 and the B cell-activating signals required for IgE switching. IL-13 (particularly IL-13 R130Q) strongly synergized with HC under conditions in which antibody-mediated CD40 engagement had no effect. The positive crosstalk between IL-13 and HC, but not between IL-13 and CD40, may reflect previously unsuspected functional differences in the B cell-signaling pathways that lead to IgE synthesis. Since neither IL-13 variant was able to engage T cells, the synergism between IL-13 and HC was likely to have occurred at the B cell level. We explored 2 events critical for IgE class switch recombination in B cells and found that increased IgE synthesis in cells treated with IL-13 and HC was paralleled by increased ε germ-line (data not shown) and activation-induced deaminase (AID) transcription (see Supplemental Figure 2 ). However, the enhancement was modest compared with the vigorous upregulation of IgE synthesis detected in the same cultures. This suggests that the combination of IL-13 and HC may target additional, more distal molecular events in IgE switching, the nature of which remains to be determined. Inasmuch as the HC pathway recapitulates mechanisms relevant to IgE regulation in vivo, the enhanced ability of physiologic IL-13 R130Q concentrations to engage this pathway may contribute to enhanced IgE-dependent allergic reactions.
Arima et al. (37) recently compared the activities of WT IL-13 and IL-13 R130Q and found them to be indistinguishable in terms of STAT6 activation and induction of ε germ-line transcription. IgE synthesis was not tested. The discrepancies between these results and ours are likely to reflect significant differences in the experimental design. Arima et al. used recombinant IL-13 expressed in a prokaryotic system and a target B cell line overexpressing IL-13Rα1 (37) . Utilization of target cells overexpressing a receptor is likely to mask subtle differences in the affinity of its ligand because the overall strength of ligand/receptor interactions will be dictated by the artificially increased number of receptors rather than the affinity of individual ligand-binding events. Furthermore, unlike eukaryotic proteins, bacterially expressed IL-13 molecules are unstable and undergo rapid degradation at the C-terminus (F.D. Vladich et al., unpublished observations), the same region which contains the R130Q substitution under investigation. We would argue that our approach, which relies on eukaryotic IL-13 proteins and primary human cells, is more sensitive to subtle differences in the properties of the natural IL-13 variants.
The lesson which emerges from these studies is somewhat sobering. Experimental strategies which are successful in classical immunology may not be readily applicable to functional genomics work, the targets of which are inherently elusive. When studying the effects of human genetic variation, we actually explore complex interactions between polymorphic genes (and their products) and the cellular milieu. The latter needs to be modeled as faithfully as the former because the effects of genetic variation are likely to be context-dependent. Thus, functional studies need to recreate the specific biological conditions under which natural genetic variation exerts its subtle effects -and these conditions may be different for different polymorphisms. It is possible, but by no means certain, that in vivo modeling of polymorphisms in mice might circumvent some of these hurdles and provide definitive answers. An effort along these lines is currently ongoing in our laboratory. Regardless, even at this early stage of functional genomics studies, it is clear that unraveling the molecular mechanisms whereby natural genetic variation shapes the pathogenesis of complex diseases will require more adequate conceptual frameworks as well as novel experimental and analytical tools.
Methods
Expression of recombinant IL-13. To construct eukaryotic expression vectors for WT IL-13 and IL-13 R130Q, PBMCs were isolated from subjects homozygous for IL13+2044G or IL13+2044A and stimulated with ConA (10 μg/ml) and anti-CD28 mAb (1 μg/ml) for 48 hours. Total RNA was then extracted and reverse transcribed. Full-length (473 bp) IL13 cDNA was PCR amplified using primers 5′-CACTGGATCCATGGCGCTTTT-GTTGACC and 5′-CGACTTAAGGCAACTTCAATAGTCAGGTC (position 48,483-48,500 and 46,395-46,414 in Genbank accession number AC004039). The primers contain a BamHI and an EcoRI site (underlined) at their 5′ and 3′ ends. Amplification products of the expected size were digested with BamHI and EcoRI and cloned into pcDNA3 (Invitrogen Corp.) to generate pIL13WT and pIL13R130Q. Plasmids were verified by sequencing and proven to contain a G or an A at position +2044.
COS-7 cells were transfected with empty pcDNA3, pIL13WT, or pIL13R130Q using Lipofectamine 2000 (Invitrogen Corp.) as recommended by the manufacturer. Supernatants were harvested 48-72 hours later and assessed for IL-13 concentrations by ELISA (R&D Systems). A correction factor was developed to adjust for potential differences in the ability of the ELISA to detect WT IL-13 and IL-13 R130Q (see below). Metabolic labeling with 35 S-methionine/cysteine followed by immunoprecipitation with anti-IL-13 mAb (R&D Systems), SDS-PAGE, and autoradiography revealed that both IL-13 variants were expressed as 2 major species of 19 kDa and 22 kDa (data not shown). No IL-13 protein was detected by ELISA or Western blotting in supernatants from COS-7 cells transfected with empty pcDNA3. E. coli-expressed WT IL-13 was obtained from commercial sources (R&D Systems and PeproTech Inc.). Recombinant human IL-4 was purchased from R&D Systems.
A correction factor for IL-13 R130Q quantification. Replacement of R130 with glutamine in an exposed region of the molecule (66) may affect recognition of IL-13 R130Q by antibodies generated against WT IL-13. Since functional analysis and comparison of the 2 forms of IL-13 require the utilization of identical cytokine concentrations, we assessed whether a correction factor was needed to adjust IL-13 R130Q concentrations as measured by an existing ELISA. To this end, the 2 IL-13 variants were translated in vitro using rabbit reticulocyte lysates (TNT T7 Coupled Reticulocyte Lysate System; Promega Corp.) and metabolically labeled with S 35 -methionine, an amino acid which is equally represented in both molecules. Each preparation translated in vitro was divided into 2 aliquots of equal volume. One was assayed for IL-13 concentrations with a commercially available ELISA (R&D Systems) developed to measure WT IL-13. The other was analyzed by SDS-PAGE; this analysis was followed by densitometry of the bands corresponding to WT IL-13 or IL-13 R130Q. We reasoned that if the IL-13 ELISA measured the concentrations of WT IL-13 and IL-13 R130Q with comparable accuracy, then WT IL-13/IL-13 R130Q (ELISA) would be equal to WT IL-13/IL-13 R130Q (densitometry). Otherwise, the difference between the 2 ratios would provide a correction factor to adjust ELISAbased measurements of IL-13 R130Q. The results of 3 consecutive experiments showed that the ELISA results underestimated the concentration of eukaryotic IL-13 R130Q by 25.7% ± 2.9%. This correction factor was subsequently used to adjust the concentrations of COS-7 cell-derived IL-13 R130Q tested in functional studies.
Analysis of STAT6 phosphorylation and CD23 expression.
To assess IL-13-dependent STAT6 phosphorylation, PBMCs were isolated from normal nonallergic donors by density gradient centrifugation and resuspended in RPMI 1640 -10% heat inactivated FCS (HyClone), 2 mM L-glutamine, and antibiotics (complete medium) at 2 × 10 6 cells/ml. After stimulation with increasing concentrations of WT IL-13 or IL-13 R130Q for 1 hour, cells were fixed in 2% paraformaldehyde/PBS at 37°C, permeabilized by adding cold 90% methanol, incubated on ice for 30 minutes, and stained intracellularly with an Alexa Fluor 488-conjugated anti-STAT6(pY641) antibody specific for the tyrosine 641 phosphorylated form of STAT6 (BD Biosciences). Immunofluorescence was analyzed on a FACSCalibur flow cytometer (BD Biosciences), gating on the monocyte population on forward and side scatter.
To detect IL-4-or IL-13-dependent STAT6 phosphorylation in T cells, PBMCs (2 × 10 6 cells/ml) were incubated in the presence of the relevant cytokine (2 ng/ml) for 1 hour. Cells were surface stained with PE-conjugated anti-CD3 (BD Biosciences), permeabilized with cold 90% methanol, and stained intracellularly with Alexa Fluor 488-conjugated anti-STAT6(pY641) antibody. Percentages of positive cells were determined by gating on live cells.
To evaluate IL-13-dependent induction of CD23 expression, PBMCs (2 × 10 6 cells/ml) were incubated with increasing concentrations of WT IL-13 or IL-13 R130Q for 48 hours, then assayed by direct immunofluorescence with PE-conjugated anti-CD23 mAb or isotype control (BD Biosciences), gating on the monocyte population on forward and side scatter. In additional experiments, expression of CD23 on monocytes was assessed after a 48-hour incubation with the IL-13 variants in the presence or absence of recombinant soluble IL-13Rα2-Fc chimera (R&D Systems) or normal human IgG (Baxter).
Semiquantitative RT-PCR analysis of ε germ-line and AID transcription. Normal human PBMCs (3 × 10 6 cells/ml) were incubated with WT IL-13 or IL-13 R130Q (30-90 pg/ml) in the presence or absence of HC (1 μM; Sigma-Aldrich). After 72 hours, total RNA was extracted using RNAeasy Protect (QIAGEN), and cDNA was reverse transcribed using Omniscript (QIAGEN). Amplification of ε germ-line and control GAPDH transcripts was performed as previously described (67) . The complete coding region of AID was amplified as detailed in ref. 68 . Amplicons were resolved on 1-1.2% agarose gels and semiquantitated by scanning densitometry. Expression of ε germ-line and AID transcripts was normalized relative to the intensity of GAPDH gene expression.
In vitro IgE production. PBMCs (3 × 10 6 cells/ml) from normal nonallergic donors were resuspended in complete medium and stimulated with increasing concentrations of WT IL-13 or IL-13 R130Q in the presence or absence of anti-CD40 mAb 626.1 (1 μg/ml; a kind gift of S.M. Fu, University of Virginia, Charlottesville, Virginia, USA) or HC (1 μM). In selected experiments, control cultures were set up in the presence of recombinant IL-4. Culture supernatants were harvested after 12-14 days and assessed for IgE concentrations by ELISA. To this purpose, 96-well plates (MaxiSorp; Nunc) were coated with purified anti-IgE mAb (2 μg/ml; BD Biosciences -Pharmingen) in 0.1 M carbonate buffer, pH 9.0, overnight at 4°C. Wells were then washed 3 times with PBS-0.05% Tween and blocked with 3% milk-PBS-0.01% azide for 4 hours at room temperature. After extensive washing with PBS-0.05% Tween, dilutions of an IgE standard curve (Serotec) or samples were added to the wells overnight at 4°C. Following extensive washing with PBS-0.05% Tween, a horseradish peroxidase-conjugated goat anti-human IgE polyclonal antibody (1:1000 in 0.1 M carbonate buffer, pH 9.0; BioSource International Inc.) was added to the wells for 4 hours at room temperature. After washing extensively with PBS-0.05% Tween, the reaction was developed with OPD Fast Tabs (Sigma-Aldrich) for 30 minutes at room temperature in the dark. After stopping the reaction with 10% sulphuric acid, OD was read at 492 nm. The lower limit of sensitivity of this assay was 0.5 ng/ml. Control cultures for the evaluation of preformed IgE were set up in the presence of cycloheximide (100 μg/ml; Sigma-Aldrich) as previously described (69) . Net IgE synthesis was calculated by subtracting the IgE concentrations detected in cycloheximide-treated cultures from the values detected in untreated cultures.
Statistical analysis. Two-tailed paired Student's t test was used to compare responses to WT IL-13 and IL-13 R130Q. The effects of the 2 variants on STAT6 phosphorylation and CD23 induction were also analyzed using a random effects model (42) . To calculate EC50 values for induction of STAT6 phosphorylation and CD23 expression by WT IL-13, IL-13 R130Q (corrected values), and IL-13 R130Q (uncorrected values), IL-13 concentration and percentage of maximal response for each experiment were log-transformed, a linear regression equation was generated, and log EC50 values were calculated and compared between groups using a paired Student's t test. Geometric means (95% confidence intervals) EC50 are reported for each IL-13 group.
Human subjects. Approval for human studies protocols was obtained from the Institutional Review Board of the University of Arizona. All participants gave written, informed consent.
